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Abstract
Fe(III) oxyhydroxides play critical roles in arsenic immobilization due to their strong surface affinity for
arsenic. However, the role of bacteria in Fe(II) oxidation and the subsequent immobilization of arsenic has
not been thoroughly investigated to date, especially under the micro-oxic conditions present in soils and
sediments where these microorganisms thrive. In the present study, we used gel-stabilized gradient systems to
investigate arsenic immobilization during microaerophilic microbial Fe(II) oxidation and Fe(III)
oxyhydroxide formation. The removal and immobilization of dissolved As(III) and As(V) proceeded via the
formation of biogenic Fe(III) oxyhydroxides through microbial Fe(II) oxidation. After 30 days of incubation,
the concentration of dissolved arsenic decreased from 600 to 4.8 μg L-1. When an Fe(III) oxyhydroxide
formed in the presence of As(III), most of the arsenic ultimately was found as As(V), indicating that As(III)
oxidation accompanied arsenic immobilization. The structure of the microbial community in As(III)
incubations was highly differentiated with respect to the As(V)-bearing ending incubations. The As(III)-
containing incubations contained the arsenite oxidase gene, suggesting the potential for microbially mediated
As(III) oxidation. The findings of the present study suggest that As(III) immobilization can occur in micro-
oxic environments after microbial Fe(II) oxidation and biogenic Fe(III) oxyhydroxide formation via the
direct microbial oxidation of As(III) to As(V). This study demonstrates that microbial Fe(II) and As(III)
oxidation are important geochemical processes for arsenic immobilization in micro-oxic soils and sediments.
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Abstract
   Fe(III) oxyhydroxides play critical roles in arsenic immobilization due to their strong surface 
affinity for arsenic. However, the role of bacteria in Fe(II) oxidation and the subsequent immobilization 
of arsenic has not been thoroughly investigated to date, especially under the micro-oxic conditions 
present in soils and sediments where these microorganisms thrive. In the present study, we used 
gel-stabilized gradient systems to investigate arsenic immobilization during microaerophilic microbial 
Fe(II) oxidation and Fe(III) oxyhydroxide formation. The removal and immobilization of dissolved 
As(III) and As(V) proceeded via the formation of biogenic Fe(III) oxyhydroxides through microbial 
Fe(II) oxidation. After 30 days of incubation, the concentration of dissolved arsenic decreased from 
600 to 4.8 μg L-1. When an Fe(III) oxyhydroxide formed in the presence of As(III), most of the arsenic 
ultimately was found as As(V), indicating that As(III) oxidation accompanied arsenic immobilization. 
The structure of the microbial community in As(III) incubations was highly differentiated with respect 
to the As(V)-bearing ending incubations. The As(III)-containing incubations contained the arsenite 
oxidase gene, suggesting the potential for microbially mediated As(III) oxidation. The findings of the 
present study suggest that As(III) immobilization can occur in micro-oxic environments after microbial 
Fe(II) oxidation and biogenic Fe(III) oxyhydroxide formation via the direct microbial oxidation of 
As(III) to As(V). This study demonstrates that microbial Fe(II) and As(III) oxidation are important 
geochemical processes for arsenic immobilization in micro-oxic soils and sediments.
Keywords: Iron oxidation; Fe(II)-oxidizing bacteria; Arsenic stabilization; Bioremediation; aioA gene 
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1. INTRODUCTION
Arsenic (As) is a naturally occurring metal that can become concentrated in the environment due to 
irrigation, mining, burning of fossil fuels, and application of pesticides and wood preservatives. These 
processes have led to the extensive contamination of paddy soils in southern China, leading to elevated 
levels of arsenic in the rice grown there, which poses a significant risk to public health in populations 
that use rice as a food staple (Smedley and Kinniburgh, 2002; Muehe and Kappler, 2014; 
Kumarathilaka et al., 2018). Long-term arsenic exposure causes many adverse health effects, such as 
nervous system afflictions, birth defects, diabetes, cancer and skin diseases (Henke, 2009; Meharg and 
Zhao, 2012). The toxicity and mobility of arsenic is generally a result of its chemical speciation which, 
in turn, reflects the pH, redox potential, and sorbent species (e.g., metal oxides) in the paddy soils 
(Smedley and Kinniburgh, 2002). Fe(III) oxyhydroxides are one of the most important sorbent species 
in iron-rich soils as they have positively charged surfaces at neutral pH and exhibit a strong affinity for 
arsenic since they form strong inner- and outer-sphere surface complexes (Dixit and Hering, 2003; Sø 
et al., 2018). 
The red paddy soils in southern China have an iron content as high as 2 wt % (Tao et al., 2012). 
Iron cycling, transformations between oxidized and reduced Fe, and transformation between dissolved 
and solid species is mainly driven by the microorganisms in the critical zone of the red paddy soils 
(Weber et al., 2006). Recently, microbial Fe(II) oxidation has been shown to strongly influence the 
transformation and immobilization of heavy metals due to the formation of biogenic Fe(III) 
oxyhydroxides (Kumarathilaka et al., 2018). In paddy soils, which have strong oxygen, light, and 
nitrate gradients when flooded, Fe(II) oxidation can be mediated by three types of Fe(II)-oxidizing 
bacteria (FeOB), including anoxygenic phototrophic FeOB, microaerophilic FeOB, and anaerobic 
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nitrate-reducing FeOB (Melton et al., 2014). Fe(III) oxyhydroxides formed by phototrophic and 
nitrate-reducing FeOB under anaerobic conditions have been described in many studies as having the 
potential to co-precipitate and bind arsenic (Sun et al., 2009; Hohmann et al., 2009; Smith et al., 2017). 
However, due to the limitations of reproducing the micro-oxic conditions present in paddy soils, the 
effect of microaerophilic FeOB on arsenic immobilization in these systems remains poorly understood.
Paddy soils are characterized by repeated changes in redox conditions. They become micro-oxic to 
anoxic during flooding and oxic after draining. Flooding and draining occur during cultivation of a 
single rice crop. Micro-oxic conditions can occur at the water-soil interface and in the rice rhizosphere 
of paddy soils where oxygen is evolved in the plant roots (Emerson and Moyer, 1997; Weiss et al., 
2004; Chen et al., 2017). These temporal redox shifts and the variation in redox conditions over short 
spatial scales have important effects on iron cycling and the transformation of heavy metals (Borch et 
al., 2009). For instance, during flooding, Fe(II) can be produced by microbial Fe(III) reduction, so the 
Fe(II) concentrations generally increase with depth in soil (Ratering and Schnell, 2001). Then, 
microaerophilic FeOB can obtain energy for growth through the oxidation of Fe(II) by using oxygen as 
an electron acceptor in micro-oxic conditions near the soil-water interface or in the rhizosphere. Several 
groups of exclusively microaerophilic FeOB have been isolated and confirmed to be capable of 
microaerophilic Fe(II) oxidation, including Leptothrix, Gallionella, Sideroxydans, and Mariprofundus 
(Emerson and Moyer, 1997; Emerson et al., 2007; Fleming et al., 2011; Kato et al., 2013; Chan et al., 
2017). These microaerophilic FeOB precipitate biogenic Fe(III) oxyhydroxides at circumneutral pH in 
the form of twisted ribbon-like stalks, hollow tubular sheaths, and granular or amorphous structures 
that can adsorb and immobilize organics, arsenic, and other metals (Emerson et al., 2010; Muehe and 
Kappler, 2014). Although previous studies have shown that biogenic Fe(III) oxyhydroxides formed by 
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FeOB play an important role in arsenic cycling (Hohmann et al., 2009; Xiu et al., 2016; 
Fernandez-Rojo et al., 2017; Sowers et al., 2017), few studies have explored microaerophilic microbial 
Fe(II) oxidation for the mechanisms by which arsenic is immobilized by biogenic Fe(III) 
oxyhydroxides formed from paddy soil microbes under micro-oxic conditions.
Generally, the affinity of As(V) to Fe(III) oxyhydroxides is much stronger than that of As(III). 
Therefore, the oxidation of As(III) to As(V) decreases the mobility of arsenic. Chemical and microbial 
oxidation of As(III) to As(V) could increase the immobilization efficiency for arsenic (Mitsunobu et al., 
2013). Under micro-oxic conditions at circumneutral pH, the abiotic oxidation of As(III) by oxygen is 
slow and the oxidation of As(III) is mainly driven by microorganisms (Bissen et al., 2003; Meharg and 
Zhao, 2012). As(III) oxidation by microorganisms is usually catalyzed by As(III) oxidases, which are 
encoded by arsenite oxidase genes (aioA) (Slyemi and Bonnefoy, 2012). Recent studies have revealed 
the distribution of the diverse aioA in arsenic-contaminated soils and found that some FeOB encoded 
aioA are essential in As(III) oxidation (Fernandez-Rojo et al., 2017; Nitzsche et al., 2015; Zhang et al., 
2015). Although arsenic is highly toxic to many microorganisms in paddy soils, some FeOB are able to 
metabolize arsenic for growth. During the transformation and immobilization of arsenic by Fe(III) 
oxyhydroxides, arsenic can also affect the distribution and composition of the FeOB via its toxicity. 
The impact of arsenic on microbial community structure and specifically on the FeOB in micro-oxic 
paddy soils remains unclear.
Accordingly, the objectives of this study were as follows: (i) to discern the effect of arsenic 
speciation on the abundance and distribution of microaerophilic FeOB, (ii) to investigate 
microaerophilic microbial Fe(II) oxidation processes and the products of arsenic immobilization, and 
(iii) to explore the mechanism of As(III) and As(V) immobilization during microaerophilic microbial 
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Fe(II) oxidation in micro-oxic paddy soils. Soil samples from a paddy field in southern China were 
used as the inoculum to enrich microaerophilic FeOB using gradient tubes with FeS as the Fe(II) source. 
The cell growth, Fe(II) oxidation, and chemical speciation of arsenic were determined, and the biogenic 
minerals were characterized using Mössbauer spectroscopy and X-ray photoelectron spectroscopy 
(XPS). The changes in the composition and abundance of the microbial community caused by different 
treatments were profiled over time using 16S rRNA gene-based high-throughput sequencing. 
Furthermore, the microbial As(III) oxidase genes associated with the different treatments were 
examined quantitatively in real-time (qPCR) to evaluate the microbial As(III) oxidation. The results of 
this study are expected to provide a better understanding of arsenic immobilization by biogenic Fe(III) 
minerals that formed in micro-oxic soils and sediments. 
2. MATERIALS AND METHODS 
2.1. Chemicals
   As(III) and As(V) stock solutions (20 mM) were prepared by dissolving sodium arsenite (NaAsO2) 
and disodium hydrogen arsenate heptahydrate salt (AsHNa2O4•7H2O) (Analytical grade, Sigma Aldrich, 
USA), which were then sterile-filtered (0.22 μm, Thermo Scientific, USA). All of the other analytical 
grade chemicals were obtained from the Guangzhou Chemical Co. (Guangzhou, China). The deionized 
water (18.2 MΩ) was prepared using an ultrapure water system (Easy Pure II RF/UV, Thermo 
Scientific, USA), and all of the solutions were prepared using deionized water.
2.2. Site Description and Sampling
   The paddy soil samples, which contained orange/brick red-colored flocs (Fe(III) oxyhydroxides), 
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and were collected from Chenzhou, Hunan Province, China (26°5′15.39″ N, 112°42′38.77″ E) in 
August 2015 before the rice harvest and under drained soil conditions. Rice was cultivated in the 
flooded field during the summer, while in the winter the fallow field was drained after harvesting the 
rice. The physicochemical properties of the paddy soil were as follows: pH (5.86), organic matter (10.2 
g kg-1), dithionite-citrate-bicarbonate Fe (19.9 g kg-1), complex-Fe (5.23 g kg-1), and amorphous-Fe 
(2.32 g kg-1). During the sample collection, four equally-sized subsamples were collected from the 
surface (25 cm length × 25 cm width × 10~20 cm depth). These subsamples were mixed to form a bulk 
soil sample. The samples used for cultivation were immediately placed into polyvinylchloride bottles, 
after which they were stored at 4 °C in a portable cooler. The soil sample used for DNA analysis was 
frozen and stored in dry ice during transport, and it was stored at -80 °C in the laboratory. 
2.3. Experimental Setup
   Iron(II) sulfide (FeS) was used as an Fe(II) source following the preparation method described by 
Hanert (2006). Four variations of FeS gradient medium, including liquid, As, semi-solid, and biphasic 
slant media, were prepared and used as described by Emerson and Moyer (1997). The treatment 
methods used are presented in Table S1. All of the gradient media contained modified Wolfe’s Mineral 
Medium (MWMM) with an FeS plug. Screw-cap 20 × 125 mm (25 ml) disposable tubes were used for 
the gradient tube cultures. The bottom layer of 3 ml of FeS colloid contained 1% (w/v) agarose and 
equal volumes of MWMM and FeS. The top layer of 14 ml of semisolid gradient medium was prepared 
by adding 0.15% (w/v) agarose to MWMM along with 5 mM of sodium bicarbonate and 1 μl of 
vitamins solution and trace minerals (Emerson and Moyer, 1997) per milliliter. The pH of the 
semi-solid gradient medium was adjusted to 6.2 by bubbling with sterile CO2 gas (Emerson and Moyer, 
8
1997). The opposing O2 and Fe(II) gradients that developed in the gel-stabilized semi-solid overlay 
allowed microaerophilic Fe(II)-oxidizing bacteria to grow at the oxic-anoxic interface (Emerson and 
Moyer, 1997; Edwards et al., 2003, Fig. S1). To inoculate, equal qualities of soil and sterile water were 
mixed and 10 μl of suspension was drawn into a pipette tip and inserted above the FeS layer. For 
As-immobilization experiments, 16 μM As(III) and As(V) from sterile 20 mM NaAsO2 and AsHNa2O4 
stock solutions, respectively, were added to the semi-solid gradient medium. The enrichments were 
cultured in the dark at 25 ± 1 °C.
2.4. Analytical Methods
Iron and arsenic determination. Total iron concentration of the iron oxide layer (the cell growth 
band with Fe(III) oxyhydroxides) was defined as the iron oxide layer in Fig. S1) was determined using 
the 1,10-phenanthroline colorimetric method after hydroxylamine reduction (Fredrickson and Gorby, 
1996). To calculate the rate of Fe(II) oxidation, the accumulated total iron at the oxic-anoxic interface 
was measured at discrete time points. At each point in time, the entire iron oxide layer in each 
inoculated treatment was collected and centrifuged, followed by removal of the supernatant. The pellet 
(Fe(III) oxyhydroxides) was then mixed with MilliQ water to reach a total volume of 2 ml. Then the 
same volume of mixture for each time point was diluted into a known amount of a solution of 0.5 M 
HCl for 1.5 h of incubation. For the control treatments, the samples were removed for total iron 
determination at the same depths as inoculated treatments. The position of iron oxide layer varied 
slightly from tube to tube. Therefore, the sampling depths for control treatments were taken at the same 
depth as the inoculated treatments, which was determined at each time point. The dissolved 0.5 M HCl 
solution was reduced using hydroxylamine and analyzed using a spectrophotometer (Shimadzu, Kyoto, 
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Japan) at 510 nm. In the inoculated experiments, the entire iron oxide layer was collected and filtered to 
determine the arsenic concentration (total arsenic, As(III), and As(V)). In the killed control and no-FeS 
experiments, the semi-solid medium from the same depth in the gradient tubes was collected to 
determine the arsenic concentration. To analyze the dissolved As, the suspension from the Fe(II) 
oxidation zone was sterile filtered (0.22 μm) in an anaerobic chamber, and then acidified using 10 μl of 
65% HNO3 to preserve the As speciation (Sun et al., 2009). The arsenic species in the solid (Fe(III) 
oxyhydroxides) were dissolved in 6 M HCl. Total As was quantified on an inductively coupled plasma 
mass spectrometry (ICP-MS, NexION 300X, Perkin-Elmer) (Sun et al., 2009). The As(III) and As(V) 
concentrations were determined on an ICP-MS equipped with a high performance liquid 
chromatography column (HPLC) to separate the As(III) and As(V) (Mitsunobu et al., 2013). To 
differentiate between arsenic adsorption to surfaces and co-precipitation into Fe(III) oxyhydroxides, an 
extraction protocol involving NaOH was used to desorb the arsenic from the Fe(III) oxyhydroxides 
(Huhmann et al., 2017). After 30 days of incubation, the entire iron oxide layer of each inoculated 
treatment was collected and centrifuged to remove the supernatant. The solids were mixed with 1 M 
NaOH for 4 h in the dark on a rotator. After the reaction, the suspensions were centrifuged and the 
supernatant was collected. The extracted solution, representing adsorbed arsenic, was filtered and 
analyzed with ICP-MS to quantify the extracted arsenic. The remaining solids were dissolved in 6 M 
HCl to quantify the co-precipitated arsenic.
The detailed procedures used for the X-ray photoelectron spectroscopy (XPS), Mössbauer 
spectroscopy, cell numeration, and electron microscopy are provided in Appendix A (Text S1).
2.5. DNA Extraction, Quantitative Real-time PCR (qPCR), High-throughput Sequencing, and 
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Bioinformatics Analysis
   DNA was extracted from the iron oxide layer of the enrichment using a PowerSoilTM DNA isolation 
kit (MO BIO Laboratories, Inc., USA). A sterile pipette was used to remove as much of the agarose 
overlying the growth band as possible. The gel, including the growth band, was heated at 70 oC in a 
water bath for 12 min to melt the agarose. Then, it was centrifuged at 10,000 × g for 5 min (Emerson et 
al., 1997). The supernatant was discarded, and the pellets composed of iron oxides and cells were 
re-suspended in 300 μl of deinoized water for DNA extraction. Polymerase chain reaction (PCR) 
amplification of the 16S rRNA gene fragments (V4 region) was performed using Illumina-specific 
fusion primers, i.e., F515 (5'-GTGCCAGCMGCCGCGGTAA-3') and R806 
(5'-GGACTACVSGGGTATCTAAT-3'), with a sample-specific 12-bp barcode added to the reverse 
primer for both the total genomic DNA extract and the DNA fraction (Liu et al., 2007). Then, unique 
barcodes were added to the sample in each well to enable pooling. The 16S rRNA gene amplicons were 
submitted to Magigen Biotechnology (Guangzhou, China) for Miseq Illumina high-throughput 
sequencing. The bioinformatics analysis method is described in Appendix A (Text S2). The genomic 
datasets were deposited in the NCBI under BioProject ID PRJNA381404 and accession number 
SRP5408992.
The abundances of the aioA gene in the gradient tube bands, encoding the large catalytic subunit of 
the As(III) oxidase, were determined using the qPCR with a MyiQTM 2 Optics Module (BIO-RAD, 
USA) with primers aoxBM4-1F and aoxBM2-1R (Fernandez-Rojo et al., 2017). Total bacterial 
abundance was measured using the qPCR of the 16S rRNA gene and universal bacterial primers 519F 
and 1406R (Tong et al., 2014). The qPCR calibration curves were generated from serial dilutions of 
plasmids containing the cloned target sequences. The corresponding gene copy number was calculated 
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relative to the plasmid sizes, insert lengths and Avogadro numbers (Whelan et al., 2003).
3. RESULTS
3.1. Fe(III) Oxyhydroxides Formed by Microaerophilic Fe(II)-oxidizing Bacteria
Microbial enrichment was accomplished by inoculating the Fe gradient tubes with the Fe 
floculant-containing soils (Fig. S1). After 3-5 days of incubation, a zone of cell growth was observed 
1-2 cm below the medium surface, visible as a thin orange band of iron oxides. Concomitantly, the 
amount of Fe precipitate increased and an iron oxide layer gradually formed in the gradient tube with 
increasing incubation time. A plot of total Fe versus cell growth is presented in Fig. 1. For all of the 
treatments with inocula, the amount of Fe precipitate increased for the first 20 days, and then, it 
remained stable. The rate of iron oxidation, which was indicated by the total iron accumulation, in the 
treatment with the original soil was higher than those of the FeS gradient tubes without inocula and 
tubes with arsenic during incubation (Fig. 1A). The addition of arsenic affected the rate of Fe(II) 
oxidation. The rate of total Fe precipitation calculated using the pseudo first-order exponential decay 
model was either 0.137 ± 0.045 or 0.119 ± 0.030 mM d-1, depending on the As(III) or As(V) levels 
introduced into the treatments. A higher rate of Fe precipitation (0.197 ± 0.034 mM d-1) was observed 
for the treatment without arsenic. The Fe precipitation trends were are consistent with the potential 
microaerophilic FeOB growth, with higher FeOB growth yields in the absence of arsenic than in the 
presence of As(III) (Fig. 1B).
The SEM images reveal that most of the cells were encrusted with nano-sized amorphous iron 
minerals regardless of whether arsenic was present or not (Fig. S2). The bacteria are rods 
approximately 1.0~3.0 μm in diameter. The cell surfaces were partly or entirely encrusted with mineral 
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precipitates. The precipitates were formed by microaerophilic bacteria at circumneutral pH under 
micro-oxic conditions. Mössbauer spectroscopy results obtained at 12 K for the precipitates are shown 
in Fig. 2, and the corresponding fit parameters are presented in Table S2. The negative quadrupole 
splitting (QS) and center shift (CS) Fe(III) oxides values are similar to those reported by Chen et al. 
(2018), which were identified as ferrihydrite. The Mössbauer data clearly shows that the main Fe(III) 
oxide phase (> 95% of total Fe) in all of the inoculated treatments was ferrihydrite. 
3.2. Arsenic Immobilization by Fe(III) Oxyhydroxides Formed by Microaerophilic 
Fe(II)-oxidizing Bacteria
The trends in total soluble As during microaerophilic microbial Fe(II) oxidation are shown in Fig. 3. 
During microbial Fe(II) oxidation, the As(III) and As(V) in the solution were effectively 
sorbed/immobilized by the newly formed Fe(III) oxyhydroxides. In all treatments with inocula, more 
than 98% of the added As(III) and As(V) was adsorbed/immobilized. Overall, the As(III) and As(V) 
sorption/immobilization rates observed in the biogenic treatments were 0.104 and 0.148 μg L-1 d-1, 
respectively. In the abiotic control, the As removal was attributed to the chemical oxidation of Fe(II) by 
limited oxygen diffusion. In this case, the sorption/immobilization of As(V) was stronger than that of 
As(III) in all treatments. In the As(III) treatments with inocula, the arsenic extracted from precipitates 
contained some As(V), indicating that some As(III) was oxidized (Fig. S3). No As(III) was observed in 
As(V) treatments (data not shown). The X-ray photoelectron spectroscopy (XPS) results of samples 
from arsenic treatments were compared with the spectrum of As2O3 and As2O5 standards, revealing the 
presence of As(V) in the treatments incubated with As(III) (Fig. S4). 
Immobilized arsenic can be adsorbed onto or co-precipitated with Fe(III) oxyhydroxides. Wet 
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chemical extraction with NaOH solution was used to distinguish between the adsorbed arsenic and the 
co-precipitated arsenic. After incubation for 30 days, NaOH extraction and complete the dissolution of 
the Fe(III) oxyhydroxides, 28 ± 4% of the adsorbed arsenic and 69 ± 8% of the co-precipitated arsenic 
were recovered from the As(III) treatment, while 22 ± 5% of the adsorbed arsenic and 79 ± 6% of the 
co-precipitated arsenic were recovered from the As(V) treatment (Fig. S5). These results indicate that 
arsenic preferentially co-precipitates with the Fe(III) oxyhydroxides during microaerophilic microbial 
Fe(II) oxidation under micro-oxic conditions.
3.3. Microaerophilic Bacteria Community Composition During Microbial Fe(II) Oxidation
A total of 1,089,166 quality sequences for all treatments (incubation without arsenic, and incubation 
with As(III) and/or As(V)) were generated via Illumina high-throughput sequencing. The sequence 
frequencies of the individual samples ranged from 42,536 to 79,136 (Table S3). Viewed with different 
alpha-diversity indexes (Simpson and Shannon), the microbial diversities were found to be higher in 
the absence of arsenic than in the presence of arsenic (Table S3).
As for the composition of the microbial community in the original soil, a comparisons of the 
incubation treatments with As(III) or As(V) and the incubation treatments without arsenic were 
conducted using principal coordinate analysis (PCoA). The results show that the structures of the 
microbial communities in the treatments with As(III) or As(V) differed greatly from those of the 
original soil and the treatment without arsenic (Fig. 4). In addition, a clear shift in the microbial 
communities of the two treatments with As(III) and As(V) was observed, which also indicates that 
arsenic speciation significantly affected the microbial community during Fe(II) oxidation. 
The most abundant genera of all treatments are shown in Fig. 5. The dominant classes of 
14
Proteobacteria in the original soil include Alphaproteobacteria and Betaproteobacteria, including the 
genera Curvibacter, Cupriavidus, Duganella, Polaromonas, Afipia, Ramlibacter, and Dongia. Taxa 
belonging to the Sphingobacteria class of Sediminibacterium were also found in the original soil. After 
30 days of incubation with Fe(II), the dominant genera were Curvibacter, Pseudomonas, Cupriavidus, 
Sediminibacterium, Duganella, Polaromonas, Ralstonia, and Sphingomonas, while without Fe(II) (only 
agarose), the dominant genera were Bdellovibrio, Cupriavidus, Stakelama, Sphingomonas, 
Phenylobactera, Pseudogulbenk, and Caulobacter. After 30 days of treatment with As(III), the 
dominant genera were Curvibacter, Pseudomonas, Cupriavidus, Duganella, Polaromonas, and 
Ralstonia, while for the As(V) treatment, they were Curvibacter, Pseudomonas, Cupriavidus, 
Sediminibacterium, Pseudomonas, and Stakelama.
To evaluate the potential contributions of microbially mediated As(III) oxidation to arsenic 
immobilization, the copy numbers of aioA genes were determined via qPCR (Fig. 6). The results show 
that aioA genes appeared soon after incubation and that the number of copies of aioA genes in the 
As(III) treatments was higher than that in the As(V) treatments. 
4. DISCUSSION
4.1 Fe(II) Oxidation with Microaerophilic Fe(II)-oxidizing Bacteria
   Culturing is currently the most direct method of proving microbial involvement in Fe(II) oxidation 
due to the lack of mineralogical biosignatures for FeOB (Chan et al., 2016). Therefore, the 
development of Fe(II)/O2 gradients was used to enrich and isolate the microaerophilic FeOB, many of 
which are likely to be autotrophic for supporting a community of other microorganisms (Weiss et al., 
2007; Picardal et al., 2011). Differences in the composition of the microbial communities of the 
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original soil treatment and the treatment with only agarose suggest that semi-solid gradient tubes can 
effectively be used to enrich microaerophilic microorganisms. The dominant genera enriched in the 
treatments with Fe(II) (Fig. 5) contained more genera that have documented ad FeOB in previous 
studies (Emerson et al., 2010; Swanner et al., 2011; Shelobolina et al., 2012; Xiu et al., 2016; Hassan et 
al., 2016) than the agarose only incubations, confirming the effectiveness of the gradient tube in 
enriching potential microaerophilic FeOB. Many of these microaerophilic FeOB can produce 
extracellular organic fibers, forming twisted stalks or sheaths and acting as a precipitation template for 
iron oxides in order to avoid encrustation (Schädler et al., 2009), while others do not produce such 
structures (Swanner et al., 2011). However, in present study, the cells were encrusted by mineral 
precipitation (Fig. S2). The encrustation of microaerophilic FeOB during Fe(II) oxidation has 
previously been reported. This has been ascribed to: (i) microaerophilic FeOB-formed stalks or sheaths, 
which were covered by mineral precipitation near or on cells (Lin et al., 2012; Fleming et al., 2014), 
and (ii) stalks or sheaths formed by microaerophilic FeOB, which were not preserved because they 
easily disaggregated (Chan et al., 2016). In the present study, however, there was no direct evidence to 
confirm which microaerophilic microorganisms were oxidizing F(II), or to determine how 
microaerophilic FeOB encrusted during Fe(II) oxidation under micro-oxic conditions. In the future, a 
dilution series could be used to isolate microaerophilic FeOB from this filed site to elucidate the 
mechanism of microbial Fe(II) oxidation and cell encrustation. 
   Under micro-oxic conditions (O2 < 50 μM), microaerophilic FeOB can successfully compete with 
abiotic Fe(II) oxidation by O2 at circumneutral pH (Chan et al, 2016). Fe(II) is subject to microbial 
oxidation by microaerphilic FeOB to produce Fe(III), which results in hydrolyzation and precipitation 
as Fe(III) oxyhydroxide in the gradient tubes (Fig. S1). The Fe(III) precipitation was identified as 
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ferrihydrite by Mössbauer spectroscopy. As reported previously, the biogenic Fe(III) precipitation 
produced by the microaerophilic FeOB is always a poorly crystalline form of ferrihydrite (Emerson et 
al., 2010). However, the oxygen concentration, the composition of medium, and the availability of 
electron shuttles can influence the iron oxidation rate, which affected the forms of the mineral products. 
For example, lepidocrocite was the primary Fe(III) oxyhydroxide in the oxygen deficient zones (Heller 
et al., 2017), while hydrous ferric oxide, 2-line ferrihydrite, and lepidocrocite were the primary Fe(III) 
oxyhydroxide formed in the presence of phosphate, silicate, and calcium in the different Fe(III) 
precipitation gradients formed at redox transitions (Voegelin et al., 2010; Senn et al., 2015). In addition, 
the presence of adsorbed arsenic affects minerals growth (Hohmann et al., 2009), which can lead to a 
decreasing iron mineral particle size, thus increasing the surface area (Fuller et al., 1993). This might 
facilitate arsenic adsorption and/or co-precipitation. During Fe(II) oxidation, arsenic can also be 
co-precipitated with Fe(III), resulting in the formation of amorphous ferric arsenate (Fernandez-Rojo et 
al., 2017; Tian et al., 2017). In this study, although a large proportion of arsenic was co-precipitated 
during Fe(III) precipitation (Fig. S5), Mössbauer spectroscopy did not detect the presence of 
amorphous ferric arsenate in the precipitates (Wu et al., 2018).
   The presence of arsenic decreased the rate of Fe(II) oxidation and the growth of microaerophilic 
bacteria (Fig. 1), which was ascribed to the possible toxicity of arsenic in microbial metabolism. In 
addition, the rate of iron oxidation in the presence of As(V) was higher than that in the presence of 
As(III). This suggests that As(III) has a stronger inhibitory effect on microbial Fe(II) oxidation than 
As(V) does, likely due to the higher toxicity of As(III) (Hohmann et al., 2009). Similar results were 
observed for other FeOB in the presence of arsenic, such as Pseudomonas sp. strain GE-1, 
Pseudogulbenkiania sp. strain 2002, Acidovorax sp., and Rhodobacter ferrooxidans strain SW2 and 
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strain KS (Hohmann et al., 2009; Xiu et al., 2015, 2016).
 
4.2. Arsenic Immobilization During Microaerophilic Microbial Fe(II) Oxidation
   In this study, ferrihydrite was found to be the predominant Fe(III) precipitate in both the absence 
and presence of arsenic. Generally, the ferrihydrite formed by FeOB has a large surface area, which 
facilitates the adsorption of arsenic (Fuller et al., 1993; Sowers et al., 2017). A previous study 
concluded that the incorporation of arsenic into Fe(III) oxyhydroxides can produce amorphous ferric 
arsenate (or amorphous scorodite), which further accelerated arsenic immobilization (Tian et al., 2017). 
Therefore, ferrihydrite formation and arsenic incorporation can promote arsenic immobilization in 
micro-oxic conditions. During arsenic immobilization, arsenic co-precipitation may be as important to 
the formation of Fe(III) oxyhydroxides as adsorption (Hohmann et al., 2009). In the present study, wet 
chemical extraction with NaOH was used to distinguish between adsorbed arsenic and co-precipitated 
arsenic, and the results indicated that co-precipitation led to a more efficient arsenic removal than 
adsorption (Fig. S5), which is consistent with the results of previous reports (Xiu et al., 2015; Huhmann 
et al., 2017). In the As(V) treatments, the proportion of precipitated arsenic was larger than that in the 
As(III) treatments, indicating that As(V) was preferentially partitioned into the solid phase (Mitsunobu 
et al., 2013). This may be due to the maximization of the number of coordination sites, such as occurs 
in neutralization of acidic As(V)-Fe(III) solutions, which provides more surface sites for reaction 
between As(V) and Fe(III) (Jia and Demopoulos, 2005).
   As(V) was detected in the As(III) treatment, but no As(III) was detected in the As(V) treatment, 
indicating that As(III) oxidation, but not As(V) reduction, occurred during microaerophilic microbial 
Fe(II) oxidation. As(III) oxidation in natural environments is usually caused by both biotic and abiotic 
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reactions. In the control treatment without inocula or killed-inocula (also forming Fe(III) 
oxyhydroxides), less than 5% of the As(III) was oxidized, while over 80% of the As(III) was oxidized 
in the inoculated treatments after 30 days (data not shown). This indicates that abiotic As(III) oxidation 
was minor, and supported the role of bacterial As(III) oxidation during microaerobic Fe(II) oxidation 
(Mitsunobu et al., 2013). A previous report concluded that during microbial Fe(II) oxidation, colloidal 
Fe(II) and Fe(III) species can be formed as Fe(III) is precipitated (Swanner et al., 2011, 2015). These 
colloidal intermediates could increase the As(III) adsorption and produce As(III)-Fe(II/III) 
complexation, which would also change the iron and arsenic redox potentials and reactivities (Ding et 
al., 2018). The direct contact of bacteria with complexed and/or colloidal Fe(II)-Fe(III) and As(III) 
could result in the more efficient oxidation of As(III) in the inoculated experiments (Fig. S4). The 
oxidation of the more toxic species of As(III) to the less toxic species of As(V) is a detoxification 
strategy used by some special bacteria to reduce the harmful effect of arsenic on the microaerophilic 
FeOB (Hohmann et al., 2009). Additionally, with the higher affinity of As(V) for Fe(III) 
oxyhydroxides than that of As(III), the oxidation of As(III) to As(V) can decrease the mobility of 
arsenic by producing Fe(III) oxyhydroxides (Mitsunobu et al., 2013; Zhang et al., 2017). 
   Two reactions were responsible for arsenic immobilization during microaerophilic Fe(II) oxidative 
mineralization. First, FeOB oxidized Fe(II) into Fe(III) to form Fe(III) oxyhydroxides at the 
oxic-anoxic interfaces. Then, As(III) or As(V) was adsorbed and/or co-precipitated by electrostatic 
interactions and/or direct covalent bonds with Fe(III) oxyhydroxides (Xiu et al., 2016; Sowers et al., 
2017). Finally, the As(III), which was directly sequestered by Fe(III) oxyhydroxides, was oxidized into 
As(V), while As(V) immobilization occurred through direct adsorption and/or co-precipitation. Based 
on the above discussion, the proposed mechanisms for the immobilization of As(III) and As(V) by 
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microaerophilic microorganisms are schematically illustrated in Fig. 7.
4.3. Dominant Microorganisms for Microaerophilic Fe(II) Oxidation Coupled with Arsenic 
Immobilization 
   Micro-oxic environments allow for Fe(II) oxidation and formation of Fe(III) oxyhydroxides, 
providing binding sites for arsenic immobilization. In the present study, biogenic Fe(III) oxyhydroxides 
produced after microaerophilic Fe(II) oxidation were shown to adsorb and co-precipitate both As(III) 
and As(V) (Figs. 3 and S5). These results highlight the important role of microaerophilic 
microorganisms in Fe(II) oxidative mineralization and the immobilization of arsenic in micro-oxic 
environments. The abundances of the dominant microaerophilic microorganisms during Fe(II) 
oxidation are shown in Fig. S6. Curvibacter, Cupriavidus, and Sediminibacterium were abundant in all 
treatments. However, other dominant genera were more abundant in the presence of Fe(II) than the 
treatments with only agarose. Curvibacter, Cupriavidus, Duganella, Polaromonas, Pseudomonas, 
Ralstonia, and Sediminibacterium were enriched in the gradient tubes, all of which have been identified 
as FeOB in previous reports (Swanner et al., 2011; Shelobolina et al., 2012; Hassan et al., 2016; Xiu et 
al., 2016). These results suggest that FeOB can outcompete other microaerophilic microorganisms 
under selective culturing conditions, e.g., in gradient tubes with Fe(II) as an electron donor. 
In paddy soils or aquifers with opposing redox gradients, Fe(II) oxidation has been observed at high 
arsenic concentrations, and the mobile arsenic is quickly absorbed and co-precipitated with the Fe(III) 
oxyhydroxides formed through microbial Fe(II) oxidation, as observed in other studies (Smedley and 
Kinniburgh, 2002; Meharg and Rahman, 2003). This indicates that the microorganisms involved in the 
microaerophilic Fe(II) oxidation in the present study can effectively immobilize arsenic. In the present 
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study, several microaerophilic microorganisms were enriched in the iron oxide layer, including 
Curvibacter, Cupriavidus, Ralstonia, Sediminibacterium and Pseudomonas, which are genera known to 
oxidize Fe(II) (Swanner et al., 2011; Shelobolina et al., 2012; Hassan et al., 2016; Xiu et al., 2016). The 
results confirmed efficient arsenic immobilization following microaerophilic microbial Fe(II) oxidation. 
Previous studies have suggested that the Fe(III) oxyhydroxides formed by the FeOB are a sink for 
metals (Liu et al., 2008). However, our SEM results show that the microaerophilic microorganisms 
were covered with Fe(III) oxyhydroxides (Fig. S2), but still grew well (Fig. 1), indicating that some 
microorganisms may have the ability to resist high metal concentrations and to utilize these metals for 
growth. In the present study, Cupriavidus, Ralstonia, and Pseudomonas were the most abundant 
species in the arsenic treatments, indicating that these microorganisms likely had a high metal tolerance 
and/or participated during arsenic immobilization (Canovas et al., 2003; Rozycki and Nies, 2009).
Previous reports show that arsenic is toxic to many microorganisms, which consequently affects the 
distribution of FeOB (Fernandez-Rojo et al., 2017). The cluster analysis showed that the structure of 
microbial community in the iron oxide layer was significantly affected by the presence of arsenic (Fig. 
S7). Variations in the structure and activity of the microbial community may affect the Fe(II) oxidation 
rate. Additionally, the structures of the microbial community in the As(III) and As(V) treatments were 
found to differ considerably. After 30 days of incubation, the results showed that the relative 
abundances of the Curvibacter and Sediminibacterium FeOB in the As(III) treatments were lower than 
those observed in the treatments with As(V) and without arsenic. These results indicate that As(III) is 
more toxic to FeOB than As(V). Although As(III) is harmful to many microorganisms, some 
microorganisms are expected to tolerate arsenic and to overcome its toxicity (Hohmann et al., 2009). 
For example, the relative abundances of Pseudomonas and Ralstonia were found to be higher than 
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those of other species in the As(III) treatments. The ICP and XPS results show that As(V) accumulated 
in the Fe(III) oxyhydroxides in the As(III) treatments (Figs. S3 and S4), suggesting that As(III) 
oxidation also occurred in the iron oxide layer. Additionally, the identification results for aioA genes 
indicate that microbially mediated As(III) oxidation occurred in the As(III) treatments, which is 
consistent with the results of previous reports (Casiot et al., 2003; Mitsunobu et al., 2013; 
Fernandez-Rojo et al., 2017).
Microbial As(III) oxidation can be catalyzed by As(III) oxidase during both aerobic and anaerobic 
As(III) oxidation (Jia et al., 2014). In the present study, the relative abundances of aioA-carrying 
bacteria in the Fe(III) oxyhydroxides with As(III) were higher than those without As(III) (Fig. 6), 
indicating that arsenic can stimulate aioA gene expression and can sustain arsenic-oxidizing activity 
(Casiot et al., 2003). The aioA genes have been reported to be the most abundant among the aioA, 
arsenate respiring gene (arrA), arsenate reductase (arsC), and adenosylmethionine methyltransferase 
(arsM) in 13 paddy soils collected from southern China (Zhang et al., 2015). In addition, As(V) was the 
dominant arsenic species in these soils, indicating a high potential for microbial arsenic oxidation by 
the aioA gene in arsenic contaminated soils. Therefore, we concluded that the greater the abundance of 
aioA gene in paddy soil, the more extensive the oxidation of As(III) to As(V). In addition, the ratios of 
the aioA gene copies relative to the universal bacterial 16S rRNA gene copies (aioA/16S rRNA) were 
estimates of the proportion of As(III)-oxidizers harboring aioA gene in the bacterial communities in the 
As(III) treatments. In the present study, the ratios ranged from 0.88% to 5.97% for the different time 
points (Fig. S8), which is similar to the results of previous reports of As-polluted acid mine drainage 
and rivers (Quéméneur et al., 2010; Fernandez-Rojo et al., 2017). These high ratios suggest that the 
As(III)-oxidizing bacteria are potential contributors to As(III) oxidation, leading to an increase in the 
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As(V) fraction in Fe(III) precipitation (Fig. S3). In the present study, the gradient tubes with FeS were 
mainly used to enrich the potential microaerophilic FeOB. Enriched bacteria, such as Pseudomonas, 
Cupriavidus, Polaromonas, and Ralstonia, can oxidize As(III) as well as Fe(II) (Xiu et al., 2016; Zhang 
et al., 2015).
Homologs of genes encoding respiratory arsenite oxidase (aioA) have been found in Cupriavidus 
and Ralstonia (Lieutaud et al., 2010), which were enriched in the arsenic treatments. The numbers of 
copies of the aioA gene increased at the start of the incubation, and then reached a stable stage, which 
echoes the changes in the As(III) concentrations. In addition to the function of As(III) oxidation, some 
of the Fe(II)-oxidizing bacteria, such as Cupriavidus, Sediminibacterium, and Ralstonia, can influence 
both Fe(II) oxidation and As(III) oxidation in micro-oxic conditions. However, compared with the 
As(III) treatments, higher rates of Fe(II) oxidation and Fe precipitation were observed in the soil 
treatments, suggesting that As(III) inhibited microbial Fe(II) oxidation and that the arsenic-oxidizing 
bacteria were more active than the FeOB in the As(III) treatments. Michel et al. (2007) also concluded 
that the specific As(III)-oxidase activity of the arsenic-oxidizing bacteria induced by As(III) is stronger 
than that of the FeOB. These results indicate that both the iron- and arsenic-oxidizing bacteria are 
responsible for As(III) oxidation although the As(III)-oxidizing bacteria may not be the main 
microorganisms in micro-oxic environments.
5. CONCUSIONS AND IMPLICATIONS
The micro-oxic conditions in the rhizosphere and at the water-soil interface of iron-rich paddy soil 
are widely distributed due to the repeated flooding and drying of the soils and sediments. In these areas, 
microaerophilic microorganisms, such as iron- and arsenic-oxidizing bacteria, can induce the formation 
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of Fe(III) oxyhydroxide minerals with a large specific surface area. These biogenic Fe(III) 
oxyhydroxides co-precipitate and/or adsorb both As(III) and As(V), reducing the mobility and 
bioavailability of the arsenic. Therefore, it is critical to understand the microbial processes involving in 
the Fe(II) oxidation, mineralization, and arsenic transformation occurring in micro-oxic conditions. Our 
results show that efficient arsenic immobilization occurs during microaerophilic Fe(II) oxidation due to 
the preferential co-precipitation of arsenic with Fe(III) oxyhydroxides in comparison to sorption. 
Additionally, most of the arsenic in the precipitate existed as As(V) in the As(III) treatments, indicating 
that As(III) oxidation occurred prior to arsenic immobilization. The aioA gene and aioA/16S rRNA 
gene ratio results suggested the potential contributions of arsenic-oxidizing bacteria to the biotic 
oxidation of As(III). As(V) was preferentially adsorbed onto and co-precipitated with the Fe(III) 
oxyhydroxides due to the stronger affinity of As(V) for Fe(III) oxyhydroxides compared with that of 
As(III). Thus, microbial As(III) oxidation accelerated the attenuation of arsenic concentrations and 
significantly controlled the behavior of arsenic in micro-oxic conditions. The microbial communities 
involved in iron- and arsenic-oxidization presented a promising pollution control strategy for arsenic 
immobilization and for reducing arsenic uptake by plants in contaminated soils. Nevertheless, further 
studies should be conducted to isolate and identify FeOB in oxic-anoxic transition zones, which would 
be helpful in establishing and elucidating the links between Fe(II) oxidation and metal cycling.
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FIGURE CAPTIONS
Fig. 1. Time-dependent changes in total Fe concentrations of the cell bands (A) and cell growth (B) in 
the treatments of inocula, killed-inocula with FeS, and agarose only control. For all treatments 
(including the inocula and control treatments), the samples for total Fe were collected at the same 
height of gradient tubes. Error bars show the standard errors from three replicates.
Fig. 2. Fitted Mössbauer spectra of the precipitation formed by microaerophilic microorganisms in the 
presence or absence of As(III) at 12 K. Corresponding fit parameters are summarized in Table S2.
Fig. 3. Time-dependent changes in total arsenic [As(III) + As(V)] concentrations in the dissolved phase 
from gradient tube bands in the treatments of inocula and non-inocula with arsenic and FeS, and 
agarose with arsenic control. For all treatments (including the inocula and control treatments), the 
samples for total arsenic were collected at the same depth of gradient tubes. Error bars show the 
standard errors from three replicates.
Fig. 4. PCoA compares microbial composition to As(III) and As(V)-amended incubation. Original soil 
denotes the inoculum source prior to microcosms; agarose-30d denotes the sample with only 
agarose after 30 days; soil-Fe(II)-30d denotes the sample with Fe(II) after 30 days; As(III)-10d, 
As(III)-15d, As(III)-20d, As(III)-25d, and As(III)-30d denote the sample with As(III) after 10, 15, 
20, 25, and 30 days, respectively; As(V)-10d, As(V)-15d, As(V)-20d, As(V)-25d, and As(V)-30d 
denote the sample with As(V) after 5, 10, 15, 20, 25, and 30 days, respectively. 
Fig. 5. Relative abundance of top 40 genera in the cell band of different treatments revealed by 16S 
rRNA high-throughput sequencing. Original soil denotes the inoculum source prior to microcosms; 
agarose-30d denotes the sample with only agarose after 30 days; soil-Fe(II)-30d denotes the 
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sample with Fe(II) after 30 days; As(III)-10d, As(III)-15d, As(III)-20d, As(III)-25d, and 
As(III)-30d denote the sample with As(III) after 10, 15, 20, 25, and 30 days, respectively; 
As(V)-10d, As(V)-15d, As(V)-20d, As(V)-25d, and As(V)-30d denote the sample with As(V) after 
5, 10, 15, 20, 25, and 30 days, respectively.
Fig. 6. Copy numbers of aioA genes in Fe(II) biogenic precipitation with As(III) and As(V).
Fig. 7. Schematic illustration of As(III) and As(V) removal by Fe(II) biogenic precipitation.
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